Proline, Glutamic acid-, and Leucine-rich Protein 1 (PELP1) is a proto-oncogene that modulates estrogen receptor (ER) signaling. PELP1 expression is upregulated in breast cancer, contributes to therapy resistance, and is a prognostic marker of poor survival. In a subset of breast tumors, PELP1 is predominantly localized in the cytoplasm and PELP1 participates in extranuclear signaling by facilitating ER interactions with Src and phosphoinositide 3-kinase (PI3K). However, the mechanism by which PELP1 extranuclear actions contributes to cancer progression and therapy resistance remains unclear. In this study, we discovered that PELP1 cross-talked with the serine/threonine protein kinase mTOR and modulated mTOR signaling. PELP1 knockdown significantly reduced the activation of mTOR downstream signaling components. Conversely, PELP1 overexpression excessively activated mTOR signaling components. We detected the presence of the mTOR signaling complex proteins in PELP1 immunoprecipitates. mTOR-targeting drugs (rapamycin and AZD8055) significantly reduced proliferation of PELP1-overexpressed breast cancer cells in both in vitro and in vivo xenograft tumor models. MCF7 cells that uniquely retain PELP1 in the cytoplasm showed resistance to hormonal therapy and mTOR inhibitors sensitized PELP1cyto cells to hormonal therapy in xenograft assays. Notably, immunohistochemical studies using xenograft tumors derived from PELP1 overexpression model cells showed increased mTOR signaling and inhibition of mTOR rendered PELP1-driven tumors to be highly sensitive to therapeutic inhibition. Collectively, our data identified the PELP1-mTOR axis as a novel component of PELP1 oncogenic functions and suggest that mTOR inhibitor(s) will be effective chemotherapeutic agents for downregulating PELP1 oncogenic functions. Mol Cancer Ther; 13(6); 1-11. Ó2014 AACR.
Introduction
Breast cancer is one of the leading causes of deaths among the hormonal cancers (1) . Endocrine therapy using tamoxifen, a selective estrogen receptor (ER) modulator and aromatase inhibitor, which ablates peripheral estrogen (E2) synthesis, has been shown to substantially improve disease-free survival (2, 3) . Despite the positive effects of hormonal therapy, initial or acquired resistance to endocrine therapies frequently occurs (4) .
Emerging evidence suggests that ER action is complex and requires functional interactions with coregulators (5) . ER also participates in extranuclear signaling events in the cytoplasm, and cross-talk with growth factor signaling is implicated in the development of therapy resistance (6) . As modulators of ER functions, coregulators are likely to play a role in breast cancer progression and resistance (7) , therefore, the coregulator signaling axis represents a novel therapeutic target for maximizing breast cancer treatment opportunities.
The mTOR is a serine/threonine protein kinase that belongs to the phosphoinositide 3-kinase (PI3K)-related kinase family (8) . mTOR plays an important role in cell growth, proliferation, autophagy, ribosomal biogenesis, development, and aging (9) (10) (11) (12) . mTOR exists as two complexes: the mTOR, mLST8, Raptor containing rapamycinsensitive complex (mTORC1) and mTOR, mLST8, rictor containing rapamycin insensitive complex (mTORC2; refs. 13, 14) . mTORC1 phosphorylates and activates downstream signaling components such as S6K and 4E-BP1, both of which are involved in protein translation. mTORC2 associates with ribosomes and facilitates its activation (15) . mTORC2 also phosphorylates Akt/PKB and SGK1 (16) (17) (18) , which are implicated in therapy resistance. Estrogen signaling modulates mTOR signaling (19) and the mTOR/PI3K/Akt pathway is altered in most of the breast cancers (20) . These emerging findings suggest that the blockade of the mTOR pathway has potential to modulate pathways activated by growth factor-and ER-dependent pathways.
Proline, Glutamic acid-, and Leucine-rich Protein 1 (PELP1) is an ER coregulator that functions in nuclear as well as in extranuclear actions (21, 22) . PELP1 couples the ER to several cytosolic signaling axes, such as Src-MAPK and PI3K-Akt (23) . PELP1 localizes to the cytoplasm in a subset of breast tumors, and forced PELP1 cytoplasmic localization in model cells promotes excessive activation of AKT, leading to therapy resistance (24) . PELP1 is a novel substrate of cyclin-dependent kinases (CDK), and PELP1 overexpression promotes E2-mediated G 1 -S progression (25) . PELP1 signaling participates in rDNA transcription (26) , and PELP1 facilitates ribosomal subunit processing (27, 28) . Deregulation of PELP1 expression is also reported to occur in several cancers, including breast, brain, and ovarian, and PELP1 expression correlates with poor prognosis (29) (30) (31) (32) . These emerging findings suggest that the proto-oncogene PELP1 functions as a scaffolding protein with no known enzymatic activity, and alternative means of targeting PELP1 oncogenic function are urgently needed.
We show that PELP1 plays a critical role in the optimal activation of mTOR and that PELP1 deregulation contributes to excessive activation of mTOR signaling. Pharmacologic inhibition of mTOR significantly reduced PELP1-mediated tumorigenesis and therapy resistance in preclinical models. Our findings suggest that the PELP1-mTOR axis is important in breast cancer progression and hormonal therapy resistance, and implicate the mTOR-PELP1 axis as a potential therapeutic target.
Materials and Methods

Cell lines and reagents
Human breast cancer cells, MCF7 and ZR75 cells, were obtained from American Type Culture Collection and maintained and passaged in our laboratory for less than 6 months in RPMI-1640 medium supplemented with 10% FBS (Hyclone Laboratories Ltd.). Generation and characterization of MCF7-PELP1#20 and #13 (33), ZR75-PELP1 (33), MCF7-PELP1cyto model cells (34) were earlier described. PELP1 and Raptor antibodies were purchased from Bethyl laboratory. Ki-67 antibody was obtained from Dako and all other antibodies were purchased from Cell Signaling Technology. b-actin and all secondary antibodies were from Sigma Chemical Co. PELP1 SMARTpool human siRNA was purchased from Dharmacon. Rapamycin and AZD8055 were purchased from Tocris Bioscience. Captisol was obtained from CyDex.
Cell lysis and Western blotting
Whole-cell lysates were prepared by using modified radioimmunoprecipitation assay buffer [150 mmol/L NaCl, 50 mmol/L Tris-HCl, 50 mmol/L NaF, 5 mmol/L EDTA, 0.5% (wt/vol) sodium deoxycholate and 1% NP40] containing phosphatase and protease inhibitors as described (35) . Total proteins (50 mg) were separated on 7% or 12% SDS-polyacrylamide gels and resolved proteins were transferred onto nitrocellulose membranes. The membranes were blocked with 5% nonfat dry milk powder in TBST solution for 1 hour at room temperature and incubated overnight in the desired primary antibodies at 4 C. Membranes were then washed and incubated with the respective secondary antibodies for 45 minutes at room temperature, and immunoreactivity was detected by using an ECL Kit (GE Health Care). Glutathione Stransferase (GST) pull-down assays were performed using various PELP1-GST deletions and by incubating them with total cellular lysates from MCF7 cells as described previously (25) .
Cell proliferation and immunofluorescence assays
Cell viability rates were measured by using Cell TiterGlo Luminescent Cell Viability Assay (Promega) in 96-well, flat, clear-bottom, opaque-wall micro plates. For some of the experiments, cell proliferation rates were measured by using MTT Cell Viability Assay in 96-well microplates. Breast cancer cells were seeded in 96-well plates (1 Â 10 3 cells/well) in phenol red-free RPMI medium containing 5% dextran-coated charcoal (DCC) serum for E2-related experiments. After an overnight incubation, cells were treated with varying concentrations of rapamycin, AZD8055, and tamoxifen in the presence or absence of E2 (1 Â 10 À8 mol/L) for 7 days. Cell proliferation rates were measured by using the MTT Cell Viability Assay. For Ki-67 staining, cells were fixed in 3.7% paraformaldehyde, blocked in 5% goat serum, and then stained with Ki-67 antibody (1:50) overnight. Cells were then incubated with fluorescein isothiocyanate (FITC)-conjugated secondary antibody and the images were captured using fluorescence microscope. 4 0 ,6-diamidino-2-phenylindole staining was used to visualize the nuclei. TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling) staining was performed on fixed cells using the manufacturer's protocol (Roche).
Immunohistochemistry
Immunohistochemical (IHC) analysis was performed as described (36) . Tumor sections were incubated overnight with IHC-specific antibodies of pS6 and Ki-67 at a dilution of 1:50 and immunoreactivity visualized by using the 3,3 '-diaminobenzidine substrate and counterstained with hematoxylin (Vector Laboratories). The proliferative index was calculated as the percentage of Ki-67-positive cells in five randomly selected microscopic fields at Â40 per slide. TUNEL analysis was done by using the In situ Cell Death Detection Kit (Roche) as per the manufacturer's protocol. Five randomly selected microscopic fields in each group were used to calculate the relative ratio of TUNEL-positive cells (37) .
Xenograft studies
All animal experiments were performed after obtaining UTHSCSA-IACUC approval and the animals were housed in accordance with UTHSCSA's protocol for animal experiments. For xenograft tumor assays, 2 Â 10 6 MCF7 WT PELP1 or Cyto-PELP1 cells were mixed with an equal volume of Matrigel and implanted in a mammary fat pad of 6-week-old female athymic nude mice as described (36) . Once tumors reached measurable size, mice were divided into control and treatment groups. The control group received vehicles (2.5% Tween 80 and PEG 400 intraperitoneally, 30% Captisol orally, and 0.3% hydroxyl propyl cellulose subcutaneously), and the treatment groups received rapamycin (8 mg/kg/d) in 2.5% Tween 80 and PEG 400 intraperitoneally or AZD8055 (20mg/kg/d) in 30% Captisol orally and tamoxifen (4mg/kg/d) subcutaneously once in a day for 28 days. Doses were selected on the basis of previous published studies (38) (39) (40) . Tumor volumes and body weight were measured at weekly intervals. After the 30th day, the mice were euthanized, and the tumors were isolated and processed for immunohistological studies. Tumor volume was calculated by using a modified ellipsoidal formula:
, where L is the longitudinal diameter and W is the transverse diameter. Body weight was measured at weekly intervals to rule out the drug toxicity.
Statistical analysis
Prism software was used for all statistical analyses. A Student t test was used to assess statistical differences between control and drug-treated groups. P values <0.05 were considered significant. Statistical differences among groups were analyzed with ANOVA.
Results
PELP1 modulates mTOR signaling
Because PELP1 modulates PI3K-AKT signaling (24) and because its expression is deregulated in breast tumors (41), we hypothesized that PELP1 oncogenic functions in part may involve PELP1 regulation of the mTOR pathway. Downregulation of PELP1 expression with siRNA in both MCF7 and ZR75 breast cancer cell lines substantially reduced serum-induced phosphorylation of mTOR signaling components, including mTOR, p70S6K, S6K, and 4EBP1 ( Fig. 1A and B) . We confirmed these results using PELP1 short hairpin RNA (shRNA; Supplementary Fig. S1A ). Overexpression of PELP1 in MCF7 cells further enhanced the serum-induced phosphorylation of S6 protein within 10 minutes, which is a direct measure of the mTOR pathway activation (Supplementary Fig. S1B ). PELP1 lacks enzymatic activity and evolving evidence suggests that PELP1 functions as a scaffolding protein that modulates function of enzymatic complexes via protein-protein interactions (42) . We therefore analyzed whether PELP1 associates with the mTOR complex by immunoprecipitating the total cellular lysates from serum-stimulated MCF7 cells. Western blot analysis of PELP1 immunoprecipitates revealed the presence of mTOR (Fig. 1C, left) . Similarly, immunoprecipitation of Raptor and Rictor, the critical components of mTORC1 and mTORC2 complexes, respectively, also revealed the presence of PELP1 in both mTOR complexes (Fig. 1C , middle and right). Furthermore, GST pull-down assays using various PELP1 fragments as GST fusions revealed that the mTOR-interacting region in PELP1 is localized in the amino acids 960-1130; however, a weak interaction was also observed in the region containing amino acids 400-600 ( Supplementary Fig. S1C ). Thus, our results suggest that PELP1 interacts with the mTOR complex and has potential to regulate the magnitude of mTOR signaling.
PELP1-enhanced mTOR signaling and cell proliferation can be abrogated by rapamycin and AZD8055
Because PELP1 functions as a proto-oncogene, we investigated whether PELP1 oncogenic functions involve activation of mTOR signaling using two pharmacologic inhibitors: rapamycin, which inhibits mTORC1, and AZD8055, which inhibits both mTORC1 and mTORC2 complexes. For this assays, we have used earlier established MCF7-PELP1 model cells (MCF7-PELP #20 and #13) that stably express 2-to 3-fold more PELP1 over endogenous PELP1 and provide growth advantage compared with MCF7 cells. Interestingly, treatment with either rapamycin or AZD8055 substantially reduced the PELP1-mediated increase in cell viability ( Fig. 2A and B) . We then examined whether mTOR inhibitors (rapamycin or AZD8055) reduce PELP1-driven proliferation using Ki-67 as a marker of proliferation. Results showed that both rapamycin and AZD8055 significantly reduced the proliferation of both PELP1 clones (Fig. 2C) . Furthermore, TUNEL analysis revealed significant induction of apoptosis in rapamycin-and AZD8055-treated cells (Fig. 2D ). Collectively these results suggest that mTOR inhibitors have potential to reduce oncogenic potential of PELP1 both by reducing proliferation and by promoting apoptosis. Accordingly, both rapamycin and AZD8055 also significantly reduced the estrogen-driven, PELP1-mediated increase in cell viability in both MCF7 and ZR75 breast cancer cells (Fig. 3A and B) . Furthermore, PELP1 knockdown also reduced estrogen-mediated activation of mTOR signaling (Fig. 3C) . These results suggest that mTOR activation plays an important role in PELP1-mediated proliferation.
mTOR inhibitors reduce PELP1-mediated tumor growth in vivo
We then tested the therapeutic potential of mTOR inhibitors to block PELP1-driven breast tumorigenesis using a preclinical xenograft model. We used previously established MCF7-PELP1 cells. Normal MCF7 cells do not form tumors in mice in the absence of estrogen supplementation, whereas MCF7-PELP1 cells form tumors under these conditions, thus this provides a unique model to test a drug's capability to block PELP1-mediated tumorigenesis (33) . The mammary fat pads of nude mice were injected with MCF7-PELP1 cells. After establishment of tumors, 5 mice per group (for a total of 10 tumors) were treated with rapamycin (8 mg/kg/d/i.p.) or AZD8055 (20 mg/kg/d/oral gavage) for a period of 4 weeks, whereas control mice received daily vehicle injections. Toxicity as assessed by behavioral changes, such as eating habits and mobility, was not detected in the animals treated with rapamycin or AZD8055. Mouse weights were not significantly different among the control, rapamycin-or AZD8055-treated groups (data not shown). Rapamycin-and AZD8055-treated mice had significantly reduced tumor volumes in MCF7-PELP1 xenografts, respectively, when compared with tumors in the control group (Fig. 4A ). Rapamycin and AZD8055 treatments significantly reduced tumor weights (Fig. 4B) . IHC analysis of phospho-S6 protein in tumor samples as a marker of mTOR signaling pathway activation revealed that rapamycin-or AZD8055-treated tumors had a substantial reduction in the phosphorylation of S6 when compared with the phosphorylation of S6 in the control group ( Supplementary Fig. S2A and S2B) . Furthermore, rapamycin-and AZD8055-treated tumors exhibited reduced proliferation as evidenced by decreased Ki-67 ( Fig. 4C and Supplementary Fig. S2C ) and exhibited increased apoptosis as seen by TUNEL positivity (Fig. 4D and Supplementary Fig. S2D ). These results suggest that mTOR inhibitors (rapamycin or AZD8055) have the potential to reduce PELP1-mediated tumor progression. Figure 1 . PELP1 is needed for optimal activation of the mTOR pathway. A and B, MCF7 and ZR75 cells were transiently transfected with nonspecific control siRNA or PELP1-specific siRNA for 72 hours, serum starved for 24 hours, and stimulated with 10% serum for 10 minutes. Status of phosphorylation of mTOR signaling components was analyzed by Western blotting. Quantitation of phosphorylation after normalizing to its respective total protein is shown. C, lysates of MCF7 breast cancer cells were subjected to immunoprecipitation with PELP1, Raptor, and Rictor antibodies, and the presence of mTOR and PELP1 in the immunoprecipitates was analyzed by Western blotting.
MCF7 ZR75
Cytoplasmic retention of PELP1 promotes mTOR signaling and tamoxifen resistance Earlier studies suggested that PELP1 is predominantly localized in the cytoplasm in a subset of breast tumors (34) and that PELP1 localization could be used as a determinant of hormone sensitivity or vulnerability (43) . We examined whether PELP1 localization in the cytoplasm constitutively activates mTOR signaling. We used the previously established MCF7 model cells that overexpress a PELP1cyto mutant lacking a nuclear localization sequence, thus PELP1 predominantly localizes to the cytoplasm in these cells. Overexpression of PELP1cyto in MCF7 cells constitutively activated the mTOR pathway signaling as shown by increased phosphorylation of S6 protein in these cells than in control MCF7 cells (Fig. 5A) . Compared to the control cells, PELP1cyto cells exhibited substantial increase in the phosphorylation of S6 protein upon serum stimulation (Fig. 5A ). In agreement with previously published data, MCF7-PELP1cyto cells had resistance to tamoxifen (Fig. 5B ) and the mTOR inhibitors rapamycin and AZD8055 significantly reduced PELP1-cyto cell viability (Fig. 5C ). AZD8055 treatment of tamoxifen-resistant MCF7-TamR, MCF7-Her2, and PELP1cyto cells sensitized them to tamoxifen ( Supplementary Fig.  S3A-S3C ) Earlier studies showed PELP1 expression deregulated in therapy-resistant tumors (43) and PELP1 knockdown reduced tamoxifen therapy resistance (36) . We next examined whether mTOR inhibitors also reduce viability of other tamoxifen-resistant model cells such as MCF7-HER2 and MCF7-Tam. The expression of PELP1 in the Tam and HER2 model cells correlated well with resistance to tamoxifen (Fig. 5D) . Similar to the data that were reported in previous studies, both model cells exhibited resistance to tamoxifen treatment, whereas rapamycin treatment significantly reduced the viability of tamoxifen-resistant MCF7-Tam (Fig. 5E ) and MCF7-HER2 (Fig.  5F ) cells. Collectively, these results suggest that PELP1 deregulation has the potential to constitutively activate the mTOR signaling axis, contributing to therapy resistance and that mTOR inhibitors could be used to reduce PELP1-mediated oncogenic potential leading to therapy resistance.
mTOR axis inhibition reduces the PELP1cyto-tamoxifen-mediated xenograft tumor growth Because PELP1cyto cells exhibited resistance to tamoxifen and had increased activation of mTOR signaling, we tested whether AZD8055, which is currently in clinical trials, is useful in reducing the growth of tamoxifenresistant PELP1cyto model cells using an in vivo xenograft model. PELP1cyto-overexpressing MCF7 breast cancer cells were implanted in the mammary fat pad of nude mice. When the tumors reached a measurable size, the mice were treated with tamoxifen or tamoxifen in combination with AZD8055. Tamoxifen treatment further enhanced the PELP1cyto-mediated tumor progression, whereas AZD8055 treatment significantly reduced the tamoxifen-driven tumor progression of PELP1cyto cells (Fig. 6A ) and reduced the tumor weight (Fig. 6B) . IHC analysis of phosphorylation of S6 as a marker of activated mTOR pathway revealed significant activation of the S6 phosphorylation in the control PELP1cyto tumors, and tamoxifen treatment alone failed to reduce the mTOR signaling ( Supplementary Fig. S4A and S4B) . Interestingly, AZD8055 treatment in combination with tamoxifen substantially reduced the phosphorylation status of S6 protein ( Supplementary Fig. S4B ). Further analysis of tumor tissues revealed that AZD8055-treated tumor tissues had decreased Ki-67 tumor antigen expression ( Fig.  6C and Supplementary Fig. S4C ) with increased apoptosis as seen by TUNEL-positive cells (Fig. 6D and Supplementary Fig. S4D ). These results suggest that AZD8055 has the potential to reduce the PELP1 cyto-mediated tumor progression by reducing mTOR signaling and promoting apoptosis.
Discussion mTOR is a central regulatory pathway involved in cell proliferation, growth and survival, and deregulation of the mTOR pathway is associated to the development of endocrine resistance (44, 45) . The mTOR pathway plays a critical role in ER-mediated transcription. In addition, recent studies revealed a novel link between growth factor pathways and the ER (46) . In this study, we examined whether the proto-oncogene PELP1 plays a critical role in the ER-growth factor signaling cross-talk through the mTOR axis and whether mTOR inhibitor(s) will be effective as a chemotherapeutic agent for downregulating PELP1 oncogenic functions. We found that (1) PELP1 knockdown reduced the magnitude of mTOR signaling, (2) PELP1 overexpression promoted activation of the mTOR signaling, (3) PELP1 interacts with mTOR, and (4) mTOR inhibitors significantly reduced PELP1-mediated proliferation in vitro and in vivo. Thus, our results suggest that deregulation of PELP1 has the potential to enhance mTOR signaling, leading to increased mammary tumorigenesis and hormonal therapy resistance.
Estrogen signaling modulates mTOR signaling (19) , and the PI3K/Akt/mTOR pathway is altered in majority of the breast cancers (20) . PELP1 is an oncogene that functions as ER coregulator and participates in both genomic and extranuclear actions of the ER. Previous investigations indicate that PELP1 couples the ER to several cytosolic signaling axes, such as Src-MAPK, PI3K-Akt, and EGFR/HER2 (21) and PELP1 expression is upregulated 2-to -3-fold in breast cancer (33) . To mimic this scenario, in previous studies, we have established model cells that exhibit 2 to 3-fold overexpression of PELP1 in MCF7 and ZR75 background (33, 25) Figure 4 . Rapamycin (Rapa) or AZD8055 treatment reduced PELP1-mediated xenograft tumor growth. A, six-week-old nude female mice were subcutaneously implanted with MCF7-PELP1 WT cells. After the tumors reached a measurable size, the mice were treated daily with vehicle, rapamycin, or AZD8055 for 4 weeks. Tumor volumes were measured at weekly intervals. B, tumor weights are shown in the histogram. C, Ki-67 expression was analyzed by using immunohistochemistry and quantitation of Ki-67 staining was done as described in the Materials and Methods section. D, TUNEL staining was performed as a marker of apoptosis on tumors that were treated with rapamycin or AZD8055. Quantitation was done as described in Materials and Methods.
ÃÃ , P < 0.01; ÃÃÃ , P < 0.001; ÃÃÃÃ , P < 0.0001.
phenotype seen in these models is due to PELP1 oncogenic potential. Our results using both models further indicate that PELP1 also has the potential to associate with and regulate mTOR signaling. Accordingly, PELP1-overexpressing breast cancer cells had increased activation of the mTOR pathway. In addition, the mTOR inhibitors substantially reduced PELP1-mediated activation of the mTOR pathway, and significantly reduced E2-dependent, PELP1-mediated proliferation in breast cancer cells. Further PELP1 knockdown substantially reduced activation of various components of the mTOR signaling axis. Collectively, our data indicate that the mTOR pathway played a critical role in PELP1-mediated oncogenic functions. PELP1 is a novel substrate of CDKs (25) . PELP1 overexpression promotes E2-mediated G 1 -S progression (47) were serum starved for 72 hours and stimulated with 10% serum for 10 minutes. The status of PELP1 expression and S6 phosphorylation was analyzed by Western blotting. Quantitation of S6 phosphorylation after normalizing to its respective total protein is shown. B, MCF7 control vector, MCF7-PELP1cyto, or MCF7-PELP1-WT cells were treated with vehicle or 2.5 mmol/L tamoxifen for 72 hours in 5% DCC medium and cell viability was assayed by using an MTT assay. C, MCF7 control vector or MCF7-PELP1cyto cells were treated with vehicle, 2.5 mmol/L tamoxifen, 20 nmol/L rapamycin (Rapa), or in combination for 7 days in 5% DCC medium. After the treatment, cell viability was determined by using an MTT assay. D, total lysates from various model cells were analyzed for the expression of PELP1 by Western blotting. E, MCF7-TamR cells were treated with vehicle, 2.5 mmol/L tamoxifen, 20 nmol/L rapamycin, or in combination for 7 days, and cell viability was determined by using an MTT assay. F, MCF7-HER2 cells were treated with or without 2.5 mmol/L tamoxifen, 20 nmol/L rapamycin, or in combination for 7 days, and cell viability was determined by using an MTT assay. Student t test was used to analyze the data. Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001; ÃÃÃÃ , P < 0.0001.
and plays a critical role in ribosomal biogenesis (48) . Our results further suggest that PELP1 has the potential to modulate mTOR signaling via direct interactions, and PELP1 association was found in both the mTORC1 and mTORC2 complexes. Such results indicate that the PELP1-mTORC2 complex may have more functions than the PELP1-mTORC1 complex. Recent studies showed that active mTORC2 physically associates with the ribosome and that the mTORC2 complex plays a critical role in connecting PI3K signaling to the ribosome (15) . Because PELP1 plays an important role in ribosomal signaling, the association of PELP1 with mTORC2 may have additional functions in connecting hormonal cross-talk to ribosomal signaling, leading to cell proliferation. However, our ongoing studies are examining this possibility. Emerging data suggest that altered levels of ER regulatory proteins contribute to breast cancer progression. PELP1 functions as a scaffolding protein and its expression is commonly deregulated in breast cancer (42) . Thus, PELP1 status is reported as an independent prognostic marker of breast cancer progression (29) ; however, no drug that specifically targets PELP1 is currently available. Thus, drugs that can affect the PELP1 axis will have potential use in reducing progression of breast cancer. In our studies, both of the mTOR inhibitors rapamycin and AZD8055 inhibited PELP1-mediated proliferation, suggesting PELP1 oncogenic function could be targeted in part by mTOR inhibitors. Our data using rapamycin and AZD8055 in preclinical models provided important information and suggest that the disruption of the PELP1-mTOR axis can be exploited to develop new therapeutic strategies against breast cancer progression.
Altered availability or recruitment of coregulators to the tamoxifen-ER complex is suggested to contribute to the tissue dependence of tamoxifen effects and may contribute to tamoxifen resistance (49) . The mTOR/ S6K pathway regulates ER-a ser167 phosphorylation and such modification of ER-a is implicated in therapy resistance (50) . PELP1 expression seems to be predominantly in the cytoplasm in a subset of breast tumors and model cells, and forced PELP1 cytoplasmic localization C, Ki-67 expression was analyzed by using immunohistochemistry, and quantitation was done as described in Materials and Methods section. D, TUNEL staining was performed as a marker of apoptosis on tumors. Quantitation was done as described in Materials and Methods. Ã , P < 0.05; ÃÃÃ , P < 0.001; ÃÃÃÃ , P < 0.0001.
promoted excessive activation of AKT and resistance to tamoxifen therapy (24) . Recent studies also implicated PELP1 deregulation in growth factor-driven therapy resistance (24, 51, 52) . We found that PELP1cyto cells exhibit increased activation of the mTOR signaling axis, and mTOR-targeting drugs (rapamycin and AZD8055) produced therapeutic effects in both in vitro and in vivo xenograft-based assays. Future studies using tumor samples are needed to examine whether the cytoplasmic localization of PELP1 correlates with the activation of mTOR.
In summary, our data demonstrated that PELP1 deregulation has the potential to aberrantly activate the mTOR signaling and establish a signaling pathway that connects the ER with the pathologic mTOR signaling axis and thus may provide a novel target for combination therapies to treat advanced therapy-resistant breast tumors. Because mTOR inhibitors with good safety profile are currently in clinical trials, they can be potentially used for downregulating PELP1 oncogenic functions and for blocking PELP1-mediated therapy resistance.
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